Introduction {#Sec1}
============

Climate change may significantly alter species interactions, species diversity, and ecosystem functioning^[@CR1],[@CR2]^. Trophic interactions, which are critical in regulating species population dynamics, community assembly, and flux of material and energy in ecosystems^[@CR3],[@CR4]^, have widely been observed to be sensitive to temperature increase^[@CR5],[@CR6]^. This is because species at different trophic levels often vary considerably in physiological and behavioral responses to environmental change^[@CR7]--[@CR11]^. However, the mechanisms underlying warming-induced shifts in trophic interactions and the consequences for the fitness of species involved have not been fully understood^[@CR12]^. Exploring the mechanisms is particularly important for food chains involving plants, herbivores, and parasitoids or pathogens, where outbreaks of notorious pests and pathogens are likely to occur if trophic relationships are decoupled by climate change^[@CR13]--[@CR16]^.

Typically, climate change can shift trophic interactions by causing temporal or spatial mismatches between species^[@CR9]--[@CR11],[@CR17]^. For example, phenological synchronies are often disrupted^[@CR18]^, and inconsistent shifts in species distributions and habitat domains are often induced by temperature increase between parasites and host species^[@CR19]^, increasing the frequency of outbreaks of insect pests or pathogens^[@CR15],[@CR20]^. Trophic interactions can be altered by climate change, for instance, through differentially affecting body growth of the involved species^[@CR21]^, which may also affect the fitness of species at lower or higher trophic levels of the interacting species. Despite numerous examples demonstrating these mismatches, in most cases temporal or spatial overlaps remain between consumer and resource species^[@CR14],[@CR22],[@CR23]^.

Temperature increase has been demonstrated to change species' traits, for example, body size^[@CR24]--[@CR26]^. However, if changes in body size differ between parasitoids and their host species, the trophic relationship within these food chains could be disrupted as larger parasitoids are often associated to larger herbivore hosts^[@CR27]^. Moreover, body size is often positively correlated with lifetime reproductive success^[@CR28]--[@CR31]^ and mobility^[@CR32]^. Thus, differential body-size responses of species in a food chain could shift population dynamics of species at different trophic levels^[@CR33],[@CR34]^ with potential consequences for ecological communities^[@CR14],[@CR35],[@CR36]^.

Temperature increase is known to reduce the body size of both vertebrate and invertebrate animals^[@CR24]^, but not all the species at different trophic levels decrease body size to a similar extent^[@CR33]^, and some species may even increase body size under experimental warming^[@CR37],[@CR38]^. Temperature increase may shift energy budgets, growth and development period, and food availability to alter species body size^[@CR24],[@CR37],[@CR39]^. Predators and their prey, or parasitoids and their hosts, often differ in body size-volume ratio, which is intimately related to energy budgets, foraging strategies as well as life-history traits^[@CR40]^. It is therefore expected that species at different trophic levels may have different body-size responses to temperature increase^[@CR12],[@CR41]^. For example, temperature increase delayed the emergence and increased the body size of herbivorous caterpillars (*Euphydryas aurinia*) but not their parasitoid wasps (*Cotesia bignellii*) in a field experiment^[@CR42]^. In addition, artificial warming increased the body size of herbivorous insect species (mostly *Persectania aversa* and *Tmetolophota unica*) but not that of their parasitoids in a grassland in New Zealand^[@CR43]^. However, empirical evidence is still sparse for inconsistent warming-induced shifts in life history traits along food chains, and the associated consequences for trophic interactions have rarely been explored^[@CR21]^.

In this study, we used a food chain of parasitoid wasp-tephritid fly-Asteraceae plant to test the possible effect of temperature increase on trophic interactions in an alpine meadow in the eastern part of the Tibetan Plateau. Parasitoid-herbivore-host plant interactions are among the most important trophic interactions in nature, and more than half of the multicellular species were found to be involved in such parasitic food chains^[@CR44],[@CR45]^. For the studied food chain, our previous work shows that the seeds within the capitula of Asteraceae species are heavily consumed by pre-dispersal seed predators (tephritid flies), whose larval maggots can be parasitized by koinobiont wasp species^[@CR46]^. We have also found that the parasitoid wasps may modify the behavior of their hosts, allowing the seed consumption rate of the parasitized maggots to be greater than that of unparasitized ones^[@CR46]^. In particular, our previous work has shown that artificial warming could significantly reduce the body size of the tephritid flies in the early season, but increase their body size in late season^[@CR38]^. In the current study, we further examined the warming effect on body growth (as reflected by adult body mass and development time) of the wasps to test whether artificial warming induce a similar body-size response in flies and wasps. Moreover, we examined seed damage caused by parasitized and unparasitized maggots under warmed and ambient conditions, aiming to test whether altered trophic interactions cascade to affect seed damage in the plants. Additionally, both the fly and wasp species are multivoltine, having two or more generations per year and having different host plant species at different periods of the growing season in the study area. Thus, we also determined if the warming effect on the body growth of parasitoid wasps as well as plant seed damage induced by parasitized and unparasitized maggots depend on the season/host plant species.

Materials and Methods {#Sec2}
=====================

Study site {#Sec3}
----------

This study is part of a series of artificial warming experiments in the field aimed to test for the effect of climate change on the "Asteraceae plants-tephritid flies-parasitoid wasps" food chain^[@CR38]^. The study was conducted in Hongyuan County, Sichuan province, China (32 °48′N, 102 °33′E), in the eastern part of the Tibetan Plateau. The altitude is ca. 3,500 m above sea level and the climate is characterized by a short and cool summer and a long and cold winter. Mean annual temperature is 0.9 °C, with the maximum monthly average temperature being 10.9 °C (July), and the minimum monthly average temperature being −10.3 °C (January)^[@CR47]^. Meteorological data from 1961 to 2012 collected by the local climate station showed that the mean annual temperature has increased at a rate of 0.29 °C per decade^[@CR48],[@CR49]^.

Alpine meadow is the major vegetation type in the study area. Plant coverage mostly exceeds 90% of the soil surface in the meadow. Sedges like *Kobresia setchwanensis* and *Blysmus sinocompressus* dominate lowland and high soil moisture communities, while forbs like *Potentilla anserina, Saussurea nigrescens*, and *Anemone trullifolia* var*. linearis* are dominant species in communities with relatively low soil moisture.

Study species {#Sec4}
-------------

Three Asteraceae plant species, one shared parasitic pre-dispersal seed predator and its parasitoid wasp (Hymenoptera) were included in this study. All the three Asteraceae species are common in the study area in different seasons, and they are dominant host plants for the studied tephritid fly in their respective flowering season. *Cremanthodium brunneopilosum* flowers in late May to mid-June, and plants used in the present experiment were on average 52.19 ± 2.69 cm (mean ± se) high, having 4.51 ± 0.3 capitula per plant and 170.6 ± 11.17 florets per capitulum (*N = *30). *Saussurea nigrescens* flowers in mid-June to late August, and plants used in the present experiment were on average 26.76 ± 0.96 cm high, having 3.35 ± 0.46 capitula per plant and 38.2 ± 2.5 florets per capitulum (*N* = 30). *Saussurea stella* flowers in mid-August to mid-September, and plants used in the present experiment were less than 5 cm high, having 4--11 capitula per plant and 18.1 ± 0.45 florets per capitulum (*N = *30)^[@CR46]^. The fruiting periods of all these focal host species were longer than the development time of both unparasitized and parasitized maggots. Flowering phenologies of these three plants are shown in Fig. [S1](#MOESM1){ref-type="media"}.

The seed predator is a multivoltine tephritid fly species (*Tephritis femoralis* Chen, 1938; Diptera: Tephritidae)^[@CR46]^, whose larvae consume developing seeds of Asteraceae plant species and whose larvae can be parasitized by parasitoid wasps. After overwintering in the soil, adult flies emerge and mate in spring, the mated females oviposit into the unflowered capitula of Asteraceae host plant species. Larval maggots feed on the immature seeds and sometimes on parts of receptacles of the host plants; they would not move out of plant capitula before developing into adults. The fly species usually has two to three generations per year in the studied meadow. The host species are *C*. *brunneopilosum* for the first generation, *S*. *nigrescens* for the second and sometimes the third generation (because of a long flowering period), and third generation of the tephritid flies also hosted by *S*. *stella*.

*T*. *femoralis* maggots are often parasitized by the parasitoid wasp *Pteromalus albipennis*, while they are growing in the capitula. *P*. *albipennis* is a solitary koinobiont endo-parasitoid, which allows parasitized maggots to continue consuming seeds, and all of the parasitized maggots are killed after they finished pupation. *P*. *albipennis* is also a multivoltine insect having two to three generations per year, matching the population dynamics of the fly species. In addition, *P*. *albipennis* is a generalist parasitoid wasp that can be hosted by several tephritid flies in the genera *Tephritis* and *Campiglossa*. However, *T*. *femoralis* is the main hosts for *P*. *albipennis*, accounting for more than 80% of the host flies for *P*. *albipennis* in all three plant species, while *P*. *albipennis* accounts for more than 75% of the wasps that attack larval *T*. *femoralis* in the capitula of studied plant species^[@CR50]^.

The warming experiment {#Sec5}
----------------------

We conducted an artificial warming experiment to test for the effect of temperature increase on body growth of the tephritid fly and the parasitoid wasp and also on plant seed damage due to (wasp) parasitized and un-parasitized maggots in a manipulated tritrophic food chain. The body size response to experimental warming in the tephritid fly has been reported in one of our previous studies^[@CR49]^. In this paper, we focused on the warming effect on body growth of parasitoids as well as on plant seed damage caused by unparasitized and parasitized maggots.

Our experiment had 12 treatments in total, i.e. temperature (warming vs. ambient) × insects (fly vs. wasp) × plants (*C*. *brunneopilosum*, *S*. *nigrescens*, and *S*. *stella*), with each treatment having 15 replicates. We inserted one *P*. *albipennis*-parasitized or unparasitized maggot (ca. 2 mm in length) into one randomly chosen plant capitulum. Then, the capitula bearing maggots were bagged by fine meshed nylon screens to prevent additional parasitism and to prevent the emerged flies or wasps from escaping. Moreover, they were cultivated under both warmed and ambient conditions. These procedures were replicated for all the three host plant species that flowered in early, intermediate, and late growing season, respectively (see also Fig. [S1](#MOESM1){ref-type="media"} for details).

The artificial warming was achieved by infrared heaters (1600W, Heraeus Company, Germany). The heaters were hung at a height of 1.3 m above the capitula to warm the maggots within the plant capitula in the warmed treatment. Similar dummy heaters were also hung above plants in the ambient treatment to control for potential side effects of the construction. The infrared heaters used in this study were 1 m in length and can evenly heat the 2 m × 2 m plots \~1.5 m under the heater^[@CR38]^, so that the plants distributed within plots were evenly heated^[@CR38]^. Infrared heaters were turned on as soon as the maggots were inserted into the capitula and were turned off after all of the flies or wasps had emerged out of the capitula. Records from Hobo U23-003 temperature data loggers (Onset Company, USA) showed that temperature at the height of flowerhead was increased by 2.15 °C, 2.07 °C, and 2.32 °C during the experiments with the early, intermediate, and late flowering plant species, respectively (Fig. [S1](#MOESM1){ref-type="media"}).

Experimental plants were transplanted from a natural meadow in the study area at the end of September, 2013. About 150 middle-sized mature plant individuals and the associated soil were dug out for each host plant species and immediately moved to plastic pots. All these plants were cultivated in our research station, and they were all artificially pollinated and irrigated regularly.

Experimental maggots were derived according to the same methods as done in our previous studies^[@CR38],[@CR46],[@CR50]^. We grew host plants in 2 m × 2 m × 2 m cages covered by a 0.18 × 0.18 mm meshed nylon screen, from which insects had been removed beforehand. Then, newly mated female *T. femoralis* were released into the cages for three days to oviposit into the capitula, after which they were driven out of the box. On the 9th day after the release of adult flies into the boxes, we opened the capitula carefully and collected the maggots. Detailed procedures are shown in one of our previous studies^[@CR38]^.

*P*. *albipennis*-parasitized maggots were obtained by parasitizing the collected maggots with newly mated female parasitoid wasps. We collected adult wasps directly from the field two days before collecting the unparasitized maggots. The collected adult wasps were released into a 0.8 × 0.7 × 0.5 m (length × width × height) plastic box, in which they were allowed to mate freely. Then, mated females were put into glass bottles (10 cm in both diameter and depth), where a fly maggot had been placed. A maggot was considered to be parasitized if the female had inserted its ovipositor into the maggot body for at least 10 s. Each female parasitoid was allowed to parasitize one maggot only.

We checked whether adult insects emerged from the bagged capitula every day. Because adults always crawled out of the plant capitula shortly after their emergence, the date we observed the adult wasps was exactly the date of the emergence. We therefore recorded the development time as the days from the date of the start of the experiment to the date of adult emergence. The emerged adults were immediately put into 10 ml plastic centrifuge tubes, which were placed in a 0 °C refrigerator for 2 h, and subsequently the fresh mass was measured for each adult using an electronic balance (Sartorious Company, precision 0.0001 g)^[@CR42],[@CR43]^. Later, the bagged capitula were cut from the host plants, and the total number of seeds (indicated by the number of flower tubes) and intact seeds (without holes in the seed surface) were recorded. The number of damaged seeds was calculated by the subtracting the number of intact seeds from the total number of seeds as described in^[@CR42]^. Then, intact seeds were dried at 65 °C for 48 h, and their mass was measured. Individual seed mass was calculated by dividing intact seed mass by the number of intact seeds.

Data analysis {#Sec6}
-------------

Three-way analyses of variance (ANOVAs) were employed to determine the effect of warming (ambient vs. warmed), host plant (early, intermediate, and late flowering species), and sex (female vs. male) on the development time and adult fresh mass of the wasps. Then, three-way ANOVAs were employed to determine the effect of warming, host plant, and sex on the number of damaged seeds (per capitulum) in three host plants induced by unparasitized and *P*. *albipennis*-parasitized maggots, respectively. Two-way ANOVAs were employed to test whether warming and parasitism (parasitized vs. unparasitized maggots) significantly changed the total number of seeds per capitulum and individual seed size of each host plant species, respectively. Tukey's HSD *post hoc* tests were used to determine the differences among treatments once a significant effect was detected. In addition, general linear models were employed to determine the relationship between seed damage and fresh body mass of the adult fly or wasp emerged from the capitula. All data analyses were conducted using R 3.1.0^[@CR51]^. As explained above, the readers should note that season/insect generation effects could not be separated from plant species-specific effects, and thus, the host plant effect serves as a proxy for the season effect or generation effect.

Data availability {#Sec7}
-----------------

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.

Results {#Sec8}
=======

Warming effects on insect body growth {#Sec9}
-------------------------------------

The warming effect on body growth differed significantly between the parasitoid and the tephritid fly and varied among host plant species/seasons (Table [1](#Tab1){ref-type="table"}; Fig. [1](#Fig1){ref-type="fig"}; see also Fig. [1](#Fig1){ref-type="fig"} in^[@CR38]^). In our previous work, we found that life-history traits of the tephritid fly were plastic and differed significantly among host plant species; artificial warming shifted both development time and adult fresh mass of unparasitized maggots; and the warming effect differed with host plant species^[@CR38]^. By contrast, here we found that the studied parasitoid had less plastic life-history traits compared to the tephritid fly: the warming effect was non-significant on development time as well as adult fresh mass of the parasitoid wasp in all host plant species (Table [1](#Tab1){ref-type="table"}; Fig. [1](#Fig1){ref-type="fig"}).Table 1ANOVA results showing the effects of warming, plant species, and sex on the development time and adult fresh mass of the parasitoid wasp.d.fDevelopment timeAdult fresh massSSFPSSFPWarming (W)127.31.50.230.112.600.11Plant (P)264.41.70.190.212.500.09Sex (S)13.90.20.650.0030.060.80W\*P252.61.40.250.0110.140.87W\*S125.11.30.250.110.280.61P\*S26.10.20.850.0620.760.47W\*P\*S293.92.50.090.0320.400.67Residuals701303.727.8d.f = degrees of freedom; SS = Sum of Squares; F = F value; P = P value. Figure 1Development time and adult fresh mass of the parasitoid wasp *Pteromalus albipennis* grown in host fly larvae within the plant species *Cremanthodium brunneopilosum*, *Saussurea nigrescens*, and *Saussurea stella* flowering in early (**A**,**B**), intermediate (**C**,**D**), and late (**E**,**F**) growing season and in both ambient and warmed environments, respectively. The different letters above the columns indicate significant differences between treatments as detected by ANOVAs, followed by *post hoc* Tukey's HSD tests. Error bars denote standard errors.

Warming effect on plant production and seed damage {#Sec10}
--------------------------------------------------

Artificial warming did not change the total number of seeds per capitulum (Fig. [S2](#MOESM1){ref-type="media"}), and it did not change individual seed mass in all the three plant species (Fig. [S3](#MOESM1){ref-type="media"}). However, warming significantly affected seed consumption by unparasitized maggots living in all three host plant species (Table [2](#Tab2){ref-type="table"}). Specifically, warming decreased seed consumption by about 21% in the early season and by 17% in the intermediate season, but it increased seed consumption by 40% in the late flowering plant species (Fig. [2](#Fig2){ref-type="fig"}). In contrast, the warming effect on seed damage induced by wasp- parasitized maggots was not significant (Table [1](#Tab1){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}).Table 2ANOVA results showing the effect of warming, plant species, and sex on the seed damage caused by tephritid fly (*Tephritis femoralis*) and wasp (*Pteromalus albipennis*) parasitized maggots.Tephritid flyParasitoid waspd.fSSFPd.fSSFPWarming (W)162.58.4**0.005**19.40.710.40Plant (P)21152.677.8**\<0.001**24543172**\<0.001**Sex (S)1100.813.6**\<0.001**18.20.620.43W\*P2105.07.1**0.001**28.60.320.72W\*S10.040.010.9412.40.180.67P\*S232.32.20.12219.00.720.49W\*P\*S213.60.920.40230.31.150.32Residuals78577.570923.9d.f = degrees of freedom; SS = Sum of Squares; F = F value; P = P value. Figure 2Seed damage (number of damaged seeds per capitulum) in response to feeding of unparatized maggots of a tephritid fly (fly) and maggots parasitized by wasps (wasp) that were grown in *Cremanthodium brunneopilosum*, *Saussurea nigrescens*, and *Saussurea stella* plants flowering in early (**A**), intermediate (**B**), and late (**C**) growing seasons, respectively, in ambient and warmed plots. The different letters above the columns indicate significant differences among means as detected by ANOVAs, followed by *post doc* Tukey's HSD test.

In addition, seed damage caused by unparasitized maggots increased with body mass of the tephritid fly (Fig. [3A](#Fig3){ref-type="fig"}), whereas there was no significant relationship between seed damage caused by wasp-parasitized maggots and adult wasp mass (Fig. [3B](#Fig3){ref-type="fig"}).Figure 3Regressions between adult body mass (of flies and wasps) and number of damaged seeds for (**A**) unparasitized and (**B**) parasitized maggots, both of which were grown in three Asteraceae host plant species (cb, *Cremanthodium brunneopilosum*; sn, *Saussurea nigrescens*; ss, *Saussurea stella*). r^2^, N, and P values are provided.

Discussion {#Sec11}
==========

Contrary to the significant effect of warming on the life-history traits of host tephritid flies assessed in our previous study^[@CR38]^, we here show that experimental warming has a non-significant effect on both the development time and body mass of the studied parasitoid wasp species. Experimental warming consistently altered the seed damage caused by unparasitized maggots, but not seed damage caused by parasitized maggots because of the positive relationship between seed damage and body growth. Importantly, the warming effects on insect body growth and seed damage varied with plant species/season. These findings may have implications for predictions about the trophic interactions between parasitoids and hosts and their impact on plant regeneration in a warming world.

In contrast to the host tephritid fly species (unparasitized maggots), the wasp species (parasitized maggots) was insensitive to warming: the warming effect was consistently non-significant for the three generations in the three host plant species over the growing season. Such insensitivity is consistent with results of previous controlled, semi-natural field experiments^[@CR42],[@CR43]^, in which parasitoids were found to show no significant response in body growth to experimental warming. However, our finding is in contrast to the results of a growth chamber experiment with constant temperature setting, in which the growth and development rates of a Braconidae wasp (*Apanteles bignellii*) were found to be temperature-dependent^[@CR52]^. The discrepancy between field experiments and chamber experiments may be at least partly attributed to the difference in parasitoid performance between constant versus fluctuating temperature conditions in the lab and in the field, respectively^[@CR42],[@CR43]^. Studies have shown that temperature fluctuations affect the life history responses of insects to environmental change^[@CR53]^.

The differential responses to warming between host tephritid flies and parasitoid wasps may have physiological and evolutionary reasons^[@CR42]^. On the one hand, koinobiont parasitoids can physiologically manipulate the growth and development of their parasitized hosts to obtain sufficient amounts of resources for their growth and development, mostly by prolonging the larval stage of the parasitized hosts^[@CR35],[@CR54],[@CR55]^. The developing parasitoid larvae often do not consume vital organs of their herbivore hosts until they reach a certain size^[@CR56]^. This manipulative ability may allow parasitoids to be physiologically less responsive to environmental change than their hosts. On the other hand, phenological matching should not be evolutionally favored for herbivorous host-parasitoid wasp relationships^[@CR57],[@CR58]^, because highly synchronous phenologies would lead to high mortality rate, severe reductions in resource populations, and large population oscillations^[@CR59]^. In our case, the parasitoid wasps are extremely efficient in killing their tephritid fly hosts (100% in the present experiment). Considering that the parasitism rate is usually high, there would be large population fluctuations for both wasp and fly species if a close phenological match persisted for generations. Indeed, experimental warming shortened the development time of the host fly by more than 4 days in early and intermediate seasons^[@CR38]^. This would narrow the window vulnerable for wasp parasitism, as suggested by the "slow growth-high mortality" hypothesis for larval animals^[@CR47],[@CR60],[@CR61]^. Nevertheless, the timing of emergence normally varies much among individual flies and wasps in the field, such that warming-induced phenological changes in the tephritid flies may not necessarily lead to the uncoupling of the fly-parasitoid relationship.

The artificial warming not only differentially affected the body growth of tephritid flies and parasitoid wasps, but also differentially altered the seed damage of host plant species. Because the warming effect was significant on the body growth of the unparasitized maggots but not on parasitized maggots, and because body growth rates were positively associated with seed plant damage, it is not surprising that the warming effect was significant for seed damage caused by unparasitized maggots but not parasitized maggots. However, the warming effect on seed damage caused by unparasitized maggots was host plant species-dependent, as a result of the plant species-specific response of body growth to warming in the unparasitized maggots. The artificial warming decreased the seed damage in the early and intermediate flowering species but increased the seed damage in the late flowering species. It can thus be speculated that these early and intermediate flowering species would suffer less seed damage due to tephritid flies and hence increase their community dominance, whereas the relative abundance of the late flowering species would decrease under future warmed conditions, because these host plant species in the studied tri-trophic food chain rely heavily on seed production for regeneration.

It is worthwhile to note that we did not take into account the warming effect on the abundance of the studied plants and insects, which is likely to affect the interactions between wasps and host flies as well as of flies on host plants. Furthermore, the artificial warming treatment was not carried out for a whole growing season. This may limit our capacity to accurately predict the response of trophic interactions to warming as well as their consequences in natural ecosystems. Large and closed experimental facilities are needed to address this limitation and to more comprehensively appreciate the responses of plant-animal interactions to increasing temperatures. Moreover, as we were unable to separate plant species identity from season effects in the present study, more experiments should be carried out to explore the underlying mechanisms of differential responses to temperature increase. Nevertheless, the present results show that warming differentially affects the body growth of parasitoids and their host tephritid fly, which altered their interactions as well as plant fitness. Mechanisms underlying the effect of temperature increase on trophic interactions may be more common in high-altitude/elevation ecosystems, where species have limited potential to migrate to cooler areas under warming conditions^[@CR39]^.
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